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Tumour cells release vesicular structures, defined as microvesicles or exosomes, carrying a large array of proteins from their originating cell. The expression of antigenic molecules recognized by T cells has originally suggested a role for these organelles as a cell-free antigen source for anticancer vaccines. However, recent evidence shows that tumour exosomes may also exert a broad array of detrimental effects on the immune system, ranging from apoptosis in activated antitumour T cells to impairment of monocyte differentiation into dendritic cells and induction of myeloid suppressive cells. Immunosuppressive exosomes of tumour origin can be found in neoplastic lesions and sera from cancer patients, implying a potential role of this pathway in in vivo tumour progression. Through the expression of molecules involved in angiogenesis promotion, stromal remodelling, delivery of signalling pathways through growth factor/receptor transfer, chemoresistance and genetic intercellular exchange, tumour exosomes could represent a versatile tool for moulding host environment. Hence, their secretion by neoplastic cells may in the future become a novel pathway to target for therapeutic intervention in cancer patients. From a therapeutic point of view, cancer has been faced so far as a disease stemming from alterations of the cellular genome and affecting expression and/or function of oncogenes and tumour suppressor genes. However, it is nowadays widely accepted that tumour microenvironment plays a pivotal role in cancer development and progression.
1,2 Indeed, tumour cells begin to mould the host environment, starting at early phases of the neoplastic process, to favour their survival and expansion. While some host components, such as the immune system, may initially attempt to restrict disease progression, defences are progressively blunted by the activation of suppressive pathways or even turned into tumour-promoting players. 3 An almost never-ending list of phenotypical and functional defects involving different components of the immune system, together with the mechanisms by which tumour cells mediate these defects, has been published over the last two decades. Alterations ranging from dysfunctional dendritic cells (DCs), anergy or apoptosis in antitumour effector T cells to the expansion of regulatory immune cell populations, including regulatory T cells and myeloid suppressor cells (MSCs), induced by a broad array of soluble factors or cell-to-cell contact-mediated interactions, have been described to occur in cancer patients, although the actual contribution of these pathways in favouring in vivo progression still needs to be fully clarified in the human setting. Obviously, the complexity of the network established between tumour cells and their environment makes the identification of potential intervention aimed at disrupting these detrimental connections a difficult task.
In the following paragraphs, we want to discuss mechanisms employed by tumour cells to hide from immune recognition and promote their in vivo survival and progression. Particular attention will be given to the ability of tumour cells to secrete small vesicles (known as exosomes or microvesicles) gathering a still growing number of immunosuppressive and modulating functions. The possibility of interfering by pharmacological intervention with their formation and/or release process, and the theoretical benefits of this strategy for cancer patients, are also addressed.
Tumour Cells as Mediators of Immune Dysfunctions
Despite the self origin of most tumour antigens, the occurrence of spontaneous cancer immunity in cancer patients is a wellaccepted concept. 4 This process, known as cancer immunosurveillance, represents the attempt of the host immune system to contain cancer growth in the early phases of development. 5 However, this condition of equilibrium usually fails with disease progression, through escape mechanisms adopted by tumour cells to silence their immunogenic profile and survive by activating immunosuppressive/deviating pathways. 6 Although the fine alterations occurring in cancer cells that are responsible for the switch from immune recognition to immune suppression are only partially delineated, 7 transformed cells are undeniably a sort of active reservoir of harmful molecules profoundly interfering with host functions. 8 The ultimate effects of these pathways can indeed be seen at a tumour site, in draining lymph nodes (LNs) and in the peripheral circulation of cancer patients as defects virtually affecting all components of the immune system. 9 Because of their key role in priming specific immune responses, DCs are supposed to represent the front line of immune defences that needs to be inactivated to avoid immunity. In this view, several studies support the existence in cancer patients of a myeloid compartment that, under tumour and microenvironment influences, shifts from effective antigen presenting cells (APCs) to negative modulators of immune responses. 10 A vast array of alterations affecting the number, phenotype and function have been described in peripheral blood, draining LNs and tumour sites of cancer patients. 11, 12 In particular, DCs are often described as displaying altered expression of HLA-DR and co-stimulatory molecules as well as defective cytokine release, resulting in the cross-priming of tolerogenic or anergized T cells instead of efficient antitumour effectors. [11] [12] [13] [14] Furthermore, DCs are directly affected in their specialized ability to process and present exogenous antigens through their antigen processing machinery, thereby losing their crucial ability to prime specific T cells through cross-presentation. 15 In addition to the lack of functional APCs, cancer patients are affected by the accumulation in peripheral blood and tumour sites 16, 17 of myeloid precursors arrested at an immature differentiation stage, exerting active suppression on the development of specific T cell responses, and known as MSCs. 18 This series of functional aberrations affecting the myeloid compartment is deemed to be the result of multiple tumour-driven mechanisms requiring either direct interaction with tumour cells or the release of soluble factors that reach myeloid precursors in bone marrow and other tissues. 19 This evidence suggests that myeloid dysfunctions may be driven in cancer patients by a systemic mechanism most likely consisting of soluble or circulating factors.
A series of molecules and pathways have been indicated as potentially responsible for these alterations, including secretion of soluble factors (such as VEGF, IL-10 and PGE2) and overexpression of molecules on tumour cell surface (for instance gangliosides). [20] [21] [22] [23] However, it is worth mentioning that soluble factors are likely to act mostly locally or in the immediate vicinity of the releasing site, and they could hardly be deemed to be the only cause of the systemic and multiple effects than can be observed in the peripheral blood or bone marrow of cancer patients. In this view, more efficient pathways for the delivery of immune suppressive/deviating signals by tumour cells to the immune system should exist to explain the systemic dysfunctions observed in cancer patients.
Tumour Exosomes: a Versatile Tool of Immune Modulation
Cancer cells are believed to mould microenvironment components and affect immune system function mainly by pathways involving cell-to-cell contact and the release of suppressive soluble factors. However, an alternative novel mechanism that is now emerging involves the active release by tumour cells of immune suppressive membrane microvesicles, also known as exosomes. 24 Microvesicles or exosomes are endosome-derived organelles of 50-100 nm size, which are actively secreted through an exocytosis pathway that is used under normal as well as pathological conditions for receptor discharge and intercellular cross-talk [24] [25] [26] (Figure 1 ). Even though exosomes have recently been found to be released by virtually all cell types, most of the studies are actually focused on exosomes secreted by reticulocytes, immune cells and tumour cells. 24 Proteomic analysis of microvesicles underlined that although several molecules are shared between microvesicles of different cell origin, exosome functionality seems to be determined by specific protein content. In fact, exosomes derived from DCs (also called DEX) can elicit T cell activation in mouse model when previously loaded with tumour peptides, thanks to a set of co-stimulatory and cell adhesion molecules as well as functional MHC class II and class I molecules. 27 Further in vitro observations revealed that the stimulatory effects of DEX are linked to the transfer of relevant molecules among DCs, thus amplifying stimulatory signals and inducing enhanced immune responses. 28, 29 In this view, DEX have recently been used in clinical trials as a potential antitumour vaccine. 30, 31 Microvesicle release is exacerbated in tumour cells, as demonstrated by in vitro studies and the abundance of vesicular organelles that can be purified from plasma, ascites and pleural effusions of cancer patients. 29, 32, 33 The initial identification of exosome release by tumour cells was envisaged as the discovery of a new cell-free source of tumour antigens for in vivo immune priming or tumour vaccine design. Indeed, exosomes are close replicas of the originating cells in terms of selected protein content and express a large array of tumour antigens when secreted by neoplastic cells. To name a few examples, melanoma-derived exosomes contain the highly immunogenic antigens MelanA/Mart-1 and gp100, those released by colon carcinoma cells express CEA and HER2, 29, 34 which can be detected in microvesicles secreted by breast carcinoma. This antigenic content is not only a feature of in vitro-released exosomes, but also can be found in microvesicles isolated from plasma of cancer patients as well, evidence that demonstrates the tumour origin of these organelles. Moreover, proteomic analysis has definitively proved the enrichment in exosomes of different cell origins of several members of the heat-shock protein family (HSP) (including an HSP70 and HSP90), 35, 36 which are known to favour APC activation through the delivery of danger signals. 37 These findings thereby inspired vaccination studies conducted in animal models, which pointed at tumour-derived exosomes as an antigenic source for T-cell priming, 38 while ex vivo experiments in cancer patients were performed to demonstrate the ability of exosomes purified from ascitic fluids, to generate antitumour T cells when cross-presented by autologous DCs. 29 However, as tumour-released microvesicles retain a large part of the protein repertoire of the producing cells, including Tumour exosome secretion and cancer immunity M Iero et al molecules involved in immune suppression and deviation, the additional effects of these organelles on antitumour immune responses would not be a surprising finding. Indeed, we found that crucial components of the immune response, such as APCs, are profoundly affected by the encounter with tumour exosomes. As a matter of fact, these microvesicles not only impair the capacity of circulating CD14 þ monocytes to differentiate into functional DCs, but they also skew the differentiation of these cells towards altered CD14 þ monocytes expressing low or absent levels of HLA-DR. 33 These cells, which are present in relatively high numbers in PBMCs of melanoma patients, exert suppressive activity on lymphocyte proliferation and impair the expression of effector molecules (such as perforin and IFN-g) in a TGF-b-mediated fashion. CD14
þ HLA-DR neg/low cells behave as MSC, undergoing in vivo expansion upon administration of GM-CSF, a growth factor with known activating properties on myeloid-derived suppressive cells in different murine tumour models. 39, 40 Interestingly, the high frequency of these cells in peripheral blood is associated with a reduced induction of CD8 þ T cell-mediated immune response after anti-melanoma vaccine administration. 16 The fact that the hallmark alterations induced by tumour microvesicles on host cells in vitro can also be found in immune cells isolated from cancer patients supports the hypothesis that these negative loops can actually be established in vivo as well. 41, 42 As a further proof of the pleiotropic effect of tumour-secreted exosomes, it should be mentioned that tumour exosomes can also interfere directly with T cell effector functions. Indeed, we have recently shown that the • Exosome-transported molecules
• Membrane adhesion: integrins, annexins [35] • Membrane transport: Rab protein family [35] • Cytoskeletal components: actin, ERM proteins [35] • Lysosomal markers: CD63, CD81, CD82, LAMP-1/2 [53] • Ag-presentation: HLA class I and II/peptide complexes [53] • Tumour antigens: MelanA/Mart-1, gp100, CEA, HER2 [29, 32] • Death receptors: FasL, TRAIL [32, 34] • Cytokines and cognate receptors: Tfr2 , TNF-, TNFR1, TGF- [ 25 , 26, 46] • Enzymes: pyruvate kinase, enolase… [36] • Heat Shock Proteins [35] • mRNAs and microRNAs [57] • Drug transporters: ATP7A, ATP7B, MRP2 [58] Exosome secretion reported in the following human tumour histotypes:
• Melanoma, colon carcinoma, ovarian carcinoma, breast carcinoma, head and neck carcinoma, prostate carcinoma, B cell lymphoma, plasmacytoma, mesothelioma 43 but also by placenta cells that recently have been shown to promote a state of immune privilege by inducing FasL-mediated apoptosis and defects in the expression of crucial TCR signalling components (such as CD3-zeta and JAK3) in local T cells, thereby contributing to successful pregnancy. 44, 45 The induction of apoptosis and TCR alterations in effector T cells, which have been reported by other groups in other tumour histologies (e.g. in head and neck cancer or ovarian carcinoma), could be reproduced with microvesicles isolated from plasma of cancer patients and may help to explain the high frequency of apoptotic or CD3-zeta neg lymphocytes that are often found in the peripheral circulation of these patients. 46, 47 Other immune effectors, such as for instance natural killer cells, are not spared from these negative influences as they lose their cytolytic potential, through the downmodulation of perforin expression, upon encounter with tumour-secreted microvesicles. 48 These data, together with those collected by other groups, 41, 49 suggest that exosomes might also act as a vehicle for suppressive signals and have negative effects on antitumour immune responses. This hypothesis appears to be in contrast with the initial evidence of immunogenicity described for tumour exosomes cross-presented by DCs. 29, 38 However, the final outcome of immune responses raised in the presence of tumour exosomes could strictly depend on the differentiation/maturation state of the targeted APCs. 50 Hence, only in vivo studies focused on evaluating how exosome release by cancer cells affects immune functions could actually clarify the role these microvesicles play in tumour immunity.
According to our hypothesis, the immunosuppressive effects of tumour exosomes could potentially be exerted at least on two distinct steps of the process, that is, during crosspriming by DCs, with the impaired differentiation on monocytes into DCs, and at T cell level, with the release by MSCs of TGF-b, blocking proliferation and effector functions, and with the induction of apoptosis in activated cells (Figure 2 ). These pleiotropic effects prompt to hypothesize that interfering with exosome release by tumour cells may perhaps represent a novel strategy for simultaneously recovering multiple immune functions in cancer patients.
Relationships between Exosomes and Host Environment
Tumour-secreted exosomes are nowadays gaining increasing attention as an alternative tool of intercellular communication with extensive paracrine functions. 51 Because of their doublelayer membrane being characterized by a peculiar lipid composition (highly enriched in sphingomyelin, cholesterol and the glycolipid GM3), 52 exosomes might represent a more efficient tool of signal delivery as compared to soluble molecules. They should in fact (i) provide more stable conformational conditions of the protein content; (ii) increase bioactivity of the proteins expressed in their context (thanks to the maintenance of the transmembrane form of the secreted proteins); (iii) improve molecule biodistribution (for the ability of microvesicles to recirculate in body fluids and reach distant organs) and (iv) promote a more efficient interaction with target
Block of CD14
+ monocyte differentiation in to DC Generation of myeloid suppressor cells [16, 33] TGF-ß-mediated inhibition of T cell proliferation and effector functions FasL and TRAIL-induced apoptosis in activated anti-tumour T cells [32, 34] Figure 2 Negative effects of tumour-secreted exosomes on antigen-presenting cells (APCs) and T cells. Exosomes released by several human tumours (including melanoma, colon carcinoma, head and neck cancer and ovarian carcinoma) have been shown to interfere with antitumour immunity by (1) blocking monocyte differentiation into DCs and promoting the generation of myeloid suppressor cells with TGF-b-mediated suppressive activity on T-cell proliferation and function and (2) by inducing FasL-and TRAIL-mediated apoptosis in activated tumour-specific T cells. Both these pathways lead to tumour immune escape. Numbers indicate the concerned references Tumour exosome secretion and cancer immunity M Iero et al cells (due to the highly fusogenic properties of exosomes). 49 Altogether, these features make tumour-released exosomes an efficient platform for the in vivo transfer of cross-talk signals. As a matter of fact, the large array of bioactive molecules incorporated into tumour-produced exosomes 24, 35, 36 prompts speculation that these organelles might potentially play a paracrine role in shaping host environment. A scheme of the hypothetical pathways involving tumour exosomes is depicted in Figure 3 . Although direct evidences are still rather limited, especially in the in vivo setting, exosomes have the potential to actually transfer specific proteins to homologous and heterologous target cells for the delivery of signalling pathways. [53] [54] [55] Recent studies are clearly evidencing that tumour microvesicles increase matrix metalloproteinase (MMP) secretion and
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Involvement in tumour cell resistance to chemotherapy (V-ATPase and drug transporters) [58, 65] Role in autocrine signals to neighbouring tumour cells (TNF-α / TNF receptors; mRNA, microRNA) [25, 57] Role in autocrine signals to distant tumour cells Effects on different components of the anti-tumour immune response ( FasL, TN F-, TGF-) [25, 26, 34] Promoting effects on tumour neo-angiogenesis and stromal remodelling (Tetraspanins→VEGF) [56] Figure 3 The hypothesis of pleiotropic role of tumour-secreted exosomes on host environment. On the basis of the different molecules expressed in human tumoursecreted microvesicles, it could be hypothesized that exosomes can be involved in (1) promoting autocrine signalling to neighbouring and distant tumour cells (for their expression of growth factors and cognate receptors); (2) suppressing and deviating immune responses at different cell levels (for their expression of proapoptotic molecules and inhibitory cytokines); (3) favouring neoangiogenesis and stromal remodelling (as they transport tetraspanins that can induce expression of VEGF, matrix metalloproteinase (MMP)); (4) mediating resistance to chemotherapeutic drugs (as their accumulation into vesicular compartments by drugs transporters, to be then eliminated by vesicle shedding). Numbers indicate the concerned references Tumour exosome secretion and cancer immunity M Iero et al VEGF expression in target cells through the expression of proangiogenic molecules, such as members of the Tetraspanin family, thus promoting neo-angiogenesis even at tumour distant sites. 56 Owing to the multifunctional protein repertoire transported by tumour exosomes, it could be hypothesized that they may also contribute to the process of stromal remodelling, thus widening the role of these microvesicles in tumour progression and metastatization process.
Similar to what was observed with exosomes of specific normal cells (e.g. immune cells and red cells), 53 exosomes of tumour origin could perhaps be involved in the transfer of bioactive receptors, such as for instance HER2, 29 among tumour cells or to environment cell components. This hypothesis, which has just started to be addressed in literature, is already supported by some initial results showing that tumour exosomes can indeed promote the epigenetic transfer of metastatic activity in murine models. 55 In addition, preliminary data from our group are suggesting that specific growth factors and cognate receptors are transported by microvesicles released in vitro and in vivo by human melanoma cells (R Valenti et al., unpublished data). An efficient shaping of protein synthesis in target cells could also be achieved by the exosome-mediated transfer of functional mRNAs and microRNAs, recently reported to occur in transformed mastocytes. 57 
Pharmacological Modulation of Exosome Secretion by Tumour Cells
The identification of the role of microvesicles in shaping tumour microenvironment at different levels could offer a novel and alternative view to conceive cancer treatments. Indeed, if the immunosuppressive role of tumour exosomes should be confirmed by in vivo studies, the search for drugs interfering with exosome secretion by tumour cells might theoretically represent a potential strategy to help restore tumour immunity and impair tumour progression. However, definitive information on the mechanisms regulating microvesicle release by cancer cells are presently lacking.
Interesting insights into this process have recently been provided by studies linking tumour chemoresistance and exosome secretion. Indeed, on the basis of their biochemical features and electrostatic charges some drugs tend to accumulate into vesicular compartments and are then eliminated by vesicle shedding. [58] [59] [60] This pathway has been described in melanoma, where the histotype-specific pattern of melanosome release is exploited for cisplatin elimination, with a consequent drug-mediated enhancement of vesicle shedding. 59 However, cells lacking melanosomes, such as ovarian carcinoma cells, display the same features and get rid of cytotoxic drugs, such as doxorubicin, through exosome discharge, 61 thanks to alterations in the endosomal compartment and lysosomal structures. 59 On the basis of these data, treatment of chemoresistant tumour cells with cisplatin or doxorubicin could result in exacerbated exosome shedding, 59 ,61 perhaps through the p53 pathway that was recently associated with exosome release. 62 In contrast, opposite effects could be expected with drugs interfering with microtubule stability, such as taxanes and vinca alkaloids. Indeed, preliminary data from our laboratory, investigating the involvement of cytoskeleton components in endosomal stability and/or direct exocytosis pathway, are showing that treatment of melanoma cells with non-cytotoxic doses of microtubule-targeting drugs (paclitaxel and vinblastine) could reduce microvesicle release (M Iero, unpublished observations). Similarly, alterations of the lysosomal compartment are observed in breast cancer cells treated with additional microtubule-disturbing drugs, such as vincristine, 63 in which increased total lysosomal volume most likely results from a defective lysosome exocytosis.
Another promising tool may be represented by drugs interfering with the activity of enzymatic efflux pumps expressed on acidic vacuoles, called vacuolar-ATPases, and associated to exosome pathway in C. elegans model (V-ATPases). 64 These molecules, which have been primarily studied for their implications in tumour chemoresistance, are indeed expressed at exosomal level 64 and could be involved in the altered trafficking and function of the endolysosomal compartment. Indeed, we have shown that inhibition of this pathway through proton pump inhibitors (PPIs) interferes with traffic of acidic vesicles, resulting in their sequestration within the cytoplasm, and improving chemosensitivity in melanoma cells. 65 This suggests that anti-acidic treatment may interfere with exosome release and consequently be a potential factor limiting the harmful effects that these microvesicles exert on the immune system. Interestingly, treatment with PPIs leads to apoptotic cell death of tumour cells when utilized at high dose as single agent. 66 Benefits from modulation of exosome secretion could also come from qualitatively modulating the protein composition of secreted microvesicles with drugs altering the biological features of tumour vesicles. A potential pathway involved in exosome biogenesis has recently been suggested as being linked to a protein complex, known as ESCRT (endosomal sorting complexes required for transport) machinery. This complex is responsible for sorting proteins into the intralumenal vesicles of multivesicular bodies (MVBs). Through a ubiquitination-dependent mechanism, proteins assigned to lysosome degradation are tagged to MVBs to be degraded after fusion with lysosomes. 67 Modification of ubiquitinated proteins might help modulate exosome protein composition and thus biological activity, as recently reported using curcumin, a natural polyphenol that has been shown to reduce exosome immunosuppressive functions when administered to breast carcinoma cells. 68 A simplified summary of the drug interfering with exosome release by tumour cells is illustrated in Figure 4 .
Independently, from the pharmacological tool utilized for diminishing exosome release by tumour cells, the crucial point is then to prove that interfering with microvesicle secretion results in improved immunogenicity of cancer cells. Studies are presently in progress to address this hypothesis in animal tumour models or in cancer patients treated with PPIs. Preliminary data from our laboratory actually show that PPIs treatment of melanoma cells, which significantly impair exosome release, is associated with a significant increase of the cytolytic and the cytokine release potential of melanoma-specific CD8 þ T cells (M Iero, unpublished observation).
Tumour exosome secretion and cancer immunity M Iero et al
Concluding Remarks
On the basis of current information presently available, the release of cellular material by transformed cells, either as a consequence of cell necrosis/apoptosis or as an effect of exosome active secretion, could no longer be considered as a bona fide antigenic source for effective T cell cross-priming. Despite a high percentage of antitumour vaccines presently under clinical evaluation (like those based on gene-modified allogeneic tumour cells, tumour-derived lysate or apoptotic bodies) relying on the 'natural' immunogenicity of cancer cells as a source of antigenic material, [69] [70] [71] [72] recent studies have clearly reported that dying tumour cells need to display specific features, such as exposure of calreticulin on surface debris, to be phagocytosed by APCs and thus gain immunogenicity. 73 But aside from these defined conditions, the abundance of molecules with immune suppressive/deviating properties which might be associated with tumour antigenic material, could profoundly influence the final outcome of the immune response, especially in the complex setting of cancer patients, and it could partially explain why the clinical efficacy of vaccine approaches has so far been rather unsatisfactory.
The use of combination treatments associating immunotherapy with more conventional strategies, such as chemotherapy, has recently been seen as a 'must' for achieving better response rates. However, inducing tumour cell apoptosis by cytotoxic drugs does not necessarily guarantee that the released antigenic material would mediate effective APC activation and T cell cross-priming. 73 In addition to improving cancer immunity by promoting immunogenic death, one alternative strategy could be to create, by pharmacological intervention, a more favourable environment for T cell activation, that is by getting rid of those negative factors that are known to restrain antitumour immunity. Despite the negative impact of tumour exosomes on the immune system still needing to be definitively demonstrated in vivo, microvesicle secretion could indeed represent a potential pathway to target for achieving this goal. Indeed, by reducing the bioavailability of tumour microvesicles through pharmacological intervention, it could be speculated that multiple functions of cancer immunity could be simultaneously recovered: DC differentiation from monocytes could be unblocked, the influence of MSCs could be limited and anti-proliferative/ proapoptotic signals for T cells could be reduced. In contrast, other approaches targeting one single regulatory mechanism, such as those aimed at eliminating regulatory T cells (by toxins targeting CD25 þ cells, low-dose cyclophosphamide, nonmyeloablative chemotherapy or anti-CTLA4 antibody) 74-76, might have more limited effects, especially in the absence of definitive information about the actual role that the different regulatory pathways play in cancer patients. On the contrary, low doses of selected chemotherapeutics, or the use of unexpected drugs such as PPIs, may help interrupt the detrimental effects mediated by tumour-released exosomes on host environment. This could become a more pleiotropic and promising strategy for achieving long-lasting control of tumour growth in cancer patients in the future. Cisplatin, doxorubicin [58, 59, 61] p53 activation [62] Microtubules DNA Multivesicular bodies Secreted exosomes Taxol, vinca alkaloids* Endo-lysosomal stability Curcumin [68] Protein sorting 
